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Open access under the ElseviIn this work, a real efﬂuent discharged by Brazilian textile industry, has been electrochemically treated
using boron doped diamond (BDD) anode for removing chemical oxygen demand (COD) and colour. Pre-
liminary experiments were performed under real discharged efﬂuent conditions (pH and conductivity) in
order to verify the applicability of this treatment process. However, a partial elimination of COD and col-
our efﬂuent were achieved, depending on applied current density (20, 40 and 60 mA cm2), respectively.
Therefore, different set of experiments were carried out where an amount Na2SO4 was added in the real
efﬂuent; then, COD of textile efﬂuent was satisfactorily reduced by employing different operational con-
ditions (current density, temperature, Na2SO4 concentration, ﬂow rate), reducing the time of depuration
and consequently, the costs, conﬁrming the potential efﬁciency of this textile efﬂuent treatment.
 2012 Elsevier B.V. Open access under the Elsevier OA license. 1. Introduction
Textile industry produces large quantities of wastewater during
the washing and dyeing process, which contain large quantities of
dye, and are disposed together with the textile efﬂuent. The pollu-
tion potential of textile dyes and intermediates compounds was
ﬁrst raised due to its toxicity and carcinogenicity that can cause
damage to human health and environment. It should be mentioned
that colouration in water courses affects water transparency and
gas solubility [1,2].
Thus, the development of treatment technologies suitable for
the removal of colour and reduction of toxicity of textile efﬂuents
is important. For the removal of dyes from wastewater a wide
range of techniques have been developed and proposed [1–11].
However, the most useful industrial treatment is bioremediation
technology because it can be performed on site, at lower cost, with
limited inconveniences, minimal environmental impact, it elimi-
nates the waste permanently and it can be used in conjunction
with methods of physical and chemical treatments [5]. But, this
process requires long times and speciﬁc treatment conditions
and in addition, heavy metals, radio nucleotides, complex
molecules, biorefractary and some chlorinated compounds are
not suitable for bioremediation [6].24.
A. Martínez-Huitle), marco.
er OA license. In this context, electrochemical technologies have caused great
interest because they offer effective means to solve environmental
problems related to industrial processes [12–15]. These techniques
have been investigated for decolourisation and degrading dyes
from aqueous solutions (dyes solutions, synthetic and actual
wastewaters) by several scientiﬁc groups and a wide variety of
electrode materials have been suggested, such as graphite, plati-
num, IrO2, RuO2, SnO2, PbO2, Ti/Pt, Ti/Pt–Ir, Ti/PbO2, Ti/PdO–
Co3O4 and Ti/RhOx–TiO2, Ti coated with oxides of Ru/Ir/Ta and
BDD thin ﬁlms [2]. However, electrochemical oxidation of organics
to CO2 occurs with a signiﬁcant rate and efﬁciency only using an-
odes with high oxygen evolution overpotential such as PbO2 and
BDD [16].
Using these anodes, at high potential, highly reactive OH are
generated on their surface by water discharge, thus leading to
overall combustion of organic compounds [12–14,16]:
H2O! OHþ e þHþ ð1ÞOrganicsþ OH! CO2 þH2O ð2Þ
Furthermore, this technology would has generally public accep-
tance, which makes the treatment using anodes with high oxygen
evolution overpotential promising alternative to replace or com-
plement the conventional treatments
Although more reports involving electrochemical treatment of
dye wastewaters have been published in the last 5 years, there
are few reports concerning to the use of this process using BDD
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the purpose of the present study was to evaluate the applicability
of electrochemical oxidation process using diamond electrode as
alternative depuration (decolourisation and detoxiﬁcation) treat-
ment of textile efﬂuent obtained from a Brazilian textile industry.
The inﬂuence of the main operating parameters, such as current
density, temperature, ﬂow conditions and addition salts, on the
COD and colour removal were investigated, in order to identify
the electrochemical conditions which give high current efﬁciency
with low energy requirements for attaining Brazilian legal require-
ments [24].
2. Materials and methods
2.1. Textile dye efﬂuent characteristics
The efﬂuent sample was collected from outlet discharged efﬂu-
ent in a Brazilian textile industry situated in Natal (Northeast of
Brazil). It was mainly composed of dyes, amylum and different
additives. In order to remove the suspended solids that inﬂuence
the electrochemical process, the efﬂuent was subjected to a ﬁltra-
tion pre-treatment using a 170 mesh. After ﬁltration, the efﬂuent
contained a high concentration of COD (650 mg dm3) and Hazen
Units (1204 HU) [25]. Its conductivity was 2.70 mS cm1 and the
pH was around 10.2. It is worth noting that these conditions were
determined from the efﬂuent, as discharged after textile colour-
ation process; without any physical–chemical treatment.
2.2. Anodic oxidation experiments
Bulk electrochemical oxidations in batch under steady condi-
tions were conducted using an undivided electrolytic ﬂow cell un-
der galvanostatic conditions, similar to electrochemical system
already reported in other works [16,26]. The textile efﬂuent was
stored in a thermostated glass reservoir of 1 dm3 and it was recir-
culated through the electrolytic cell by means of a centrifugal
pump working in the ﬂow range 200–400 dm3 h1. The cell con-
tained a BDD electrode as anode and a 54.7 cm2 Ti plate as cathode.
BDD anode was circular with a diameter of 10 cm, but with an
effective area of 54.7 cm2 and with one side only exposed to the
solution. The interelectrode distance was 1 cm. BDD electrode
was supplied by Adamant Technologies (Switzerland) and it was
synthesised as described in previous works [26] maintaining the
quality parameters (single-crystal with a thickness of 1 lm (±5%)
and a resistivity of 15 mO cm (±30%) with a boron concentration
of 5000 ppm, p-silicon wafers (1–3 mO cm and 1 mm thick)). In or-
der to stabilize its surface (hydrophilic nature) and to obtain repro-
ducible results, the BDD electrode was pre-treated at 25 C by
anodic polarisation in 1 M HClO4 at 10 mA cm2 for 30 min [16].
The anodic oxidation experiments of real textile efﬂuent were
performed under galvanostatic conditions using a MINIPA 3015
power supply. Experiments were performed at 25 C for studying
the role of applied current density (j = 20, 40 and 60 mA cm2),
while the temperature effect (25, 40 and 60 C) was studied under
a current density of 40 mA cm2. The temperature of the electro-
lyte was controlled using a jacket- thermostat.
2.3. Depuration monitoring methods
Colour removal was monitored by measuring absorbance de-
crease; using a UV 1800 Shimadzu spectrophotometer. Experimen-
tally, decolourisation process was determined by the expression
[2]:
Relative absorbance ¼ ½ABSt 
ABS0
ð3Þwhere ABSt correspond to the absorbance, at the maximum visible
wavelength of the wastewater, at time t and ABS0 is its initial absor-
bance. Hazen Units (UH) is a industrial parameter to determine the
efﬂuent colour conditions for discharging procedure after treatment
and these were determined using a Hach Model DR/2500 spectro-
photometer calibrated with a method 8025 (Pt–Co units) [25]. pH
variation was measured using a Methrom pH metre. Decontamina-
tion of real efﬂuent was monitored from the abatement of their
COD. Values were obtained, using a HANNA HI 83099 spectropho-
tometer after digestion of samples in a HANNA thermo-reactor, in
order to estimate the Total Current efﬁciency (TCE, in.%) for anodic
oxidation of textile efﬂuent, using the following relationship:
%TCE ¼ FV ½COD0  CODt 
8IDt
 
 100 ð4Þ
where COD0 and CODt are chemical oxygen demands at times t = 0
(initial) and t (time t) in g O2 dm3, respectively; I the current (A),
F the Faraday constant (96,487 C mol1), V the electrolyte volume
(dm3), 8 is the oxygen equivalent mass (g eq.1) and Dt is the elec-
trolysis time, allowing for a global determination of the overall efﬁ-
ciency of the process.
Additionally, the limiting current can be estimated from the va-
lue of COD using the Eq. (3) for anodic oxidation of a real wastewa-
ter, as indicated by Panizza and Cerisola [16].
IlimðtÞ ¼ 4FAkmCODðtÞ ð5Þ
where Ilim(t) is the limiting current (A) at a given time t, 4 the num-
ber of exchanged electrons, A the electrode area (m2), F the Fara-
day’s constant, km the average mass transport coefﬁcient in the
electrochemical reactor (m s1) and COD(t) the chemical oxygen de-
mand (mol O2 m3) at a given time t.
The energy consumption per volume of treated efﬂuent was
estimated and expressed in kWhm3. The average cell voltage dur-
ing the electrolysis (cell voltage is reasonably constant with just
some minor oscillations, for this reason is calculated the average
cell voltage), is taken for calculating the energy consumption by
expression [2]:
Energy consumption ¼ DEc  I  t
1000 V
 
ð6Þ
where t is the time of electrolysis (h); DEc (V) and I (A) are the aver-
age cell voltage and the electrolysis current, respectively; and V is
the sample volume (m3).
3. Results and discussion
3.1. Preliminary electrochemical experiments of a real textile efﬂuent
As it was evidenced by other authors [13–23,26,27], BDD has
great oxidation ability to remove organic pollutants, requiring
shorter electrolysis time to reach overall mineralisation, thus lead-
ing to remarkably higher current efﬁciency and relative energy
consumptions. For this reason, the good removal efﬁciencies sug-
gest the possibility of using electrochemical oxidation as treatment
technology for treating real textile efﬂuents [17–23].
In this context, an efﬂuent of an actual Brazilian textile industry
was employed to assess the efﬁciency on electrochemical treat-
ment using diamond electrodes as an alternative for removing or-
ganic matter and colour. As shown in Fig. 1, the decrease of the
absorbance, as a function of time, was achieved during galvano-
static electrolysis of real textile efﬂuent (1 dm3) after 12 h by
applying different current densities under real discharged efﬂuent
conditions (see Section 2). However, the Brazilian regulations for
colour removal [24], i.e. 300 HU, were completely attained at 40
and 60 mA cm2, after 6 and 4 h, respectively; as showed in inset
Fig. 1. Electrochemical decolourisation process of a real textile efﬂuent (efﬂuent as
obtained), as a function of time, by applying different current densities (20, 40 and
60 mA cm2) at 25 C and ﬂow rate of 250 dm3 h1. Inset: Decrease of HU, as a
function of time, at different applied current densities. Dashed line indicates the
Brazilian limit regulation in HU to discharge the efﬂuent.
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partial colour removal was achieved (i.e. 50%, 400 HU) after 12 h
of electrolysis.
Furthermore, the COD results clearly indicate that the highest
removal rate is achieved at 40 and 60 mA cm2, see Fig. 2, because
of there is a greater charge passing into the cell that favours the
electrogeneration of more hydroxyl radicals produced on BDD sur-
face (Eq. (1)). Despite the complete COD decay occurs under last
conditions, long times are required for complete removal, 19 and
17 h, respectively. In contrast, incomplete COD removal was
achieved by applying 20 mA cm2 after 23 h (Fig. 2). These results
clearly indicate that, as observed during colour removal, the low
conductivity and organic matter dissolved in the efﬂuent compli-
cate the depuration treatment. Consequently, increasing current
density and time treatment, a higher charge consumed for com-
plete mineralisation is needed because during the electrochemical
process a relative greater amount of OH wasted in parasite non-
oxidising reactions such as oxygen evolution. It is conﬁrmed from
the current efﬁciencies (TCE, in.%) obtained for each current den-
sity applied (inset Fig. 2) under these conditions, ranging from
23% to 14%.
This behaviour is frequently characteristic of electrolysis under
mass transport control when the electrolysis is performed applyingFig. 2. Inﬂuence of applied current on the evolution of COD and TCE (inset), as a
function of time, during electrochemical treatment of actual textile efﬂuent (as
discharged) on BDD anode at different current densities. Conditions: T = 25 C and
ﬂow rate of 250 dm3 h1.a current higher than the limiting one, as already indicated by
other authors [16,27]. For a recirculation rate of 250 dm3 h1 the
mass transfer coefﬁcient was 2.5  105 m s1 and the limiting
current results in a value of 1.07 A, according Eq. (5). This current
is relatively low than all the currents applied in this work
(1.1–3.3 A), suggesting that the oxidation in these conditions could
be occurring under mass transport control. These assumptions,
treating a real efﬂuent, are in agreement with the studies recently
published by Panizza and Cerisola [16] during the anodic oxidation
of a real carwash wastewater.
Although the applicability of this treatment seems feasible, long
times would be required to complete decolourisation and organic
matter removal (more than 18 h, see Fig. 2). However, as conﬁrmed
by other authors [16,27,28], the colour and COD can be completely
removed by electrochemical oxidation with BDD anode generating
effective oxidant species (chlorine, hydrogen peroxide, perphos-
phates, and peroxodisulphates) on its surface. For this reason,
new set of experiments was performed to favour the production
of reactive oxidant species, plus hydroxyl radicals.
3.2. Electrochemical decolourisation of a real textile efﬂuent adding
Na2SO4
Electrooxidation experiments were performed in order to fur-
ther achieve complete colour elimination. Firstly, an amount of
Na2SO4 (5 g dm3) was dissolved in the real efﬂuent. After that, a
number of electrolysis-experiments were carried out by applying
different values of current density (20, 40 and 60 mA cm2 at
25 C), as investigated under original discharged efﬂuent condi-
tions. It is important to remark that after addition of Na2SO4, pH
value decreases from 10.2 to 9.1.
As it can be observed from Fig. 3, when Na2SO4 was added in the
efﬂuent, colour removal rate was signiﬁcantly increased, achieving
different values of efﬁciency (95%, 100% and 100% of colour re-
moval after 12 h, 8 h and 4 h of electrolysis, for 20, 40 and
60 mA cm2, respectively). Under these experimental conditions,
the Brazilian regulations concerning to the colour removal (low
than 300 HU) were attained, in all cases (data not showed). These
ﬁndings were achieved due to the increase in the conductivity of
real efﬂuent when Na2SO4 was added, favouring the electrogener-
ation of peroxodisulphates on BDD surface. In fact, electrolysis BDD
anodes in aqueous media, containing sulphate ions, generates per-
oxodisulphate (Eq. (7)) [16,27,28].
2SO24 ! S2O28 þ 2e ð7ÞFig. 3. Colour removal of a real efﬂuent, as a function of time, applying different
current densities using BDD anode. Experimental conditions: T = 25 C, 5 g dm3 of
Na2SO4 and ﬂow rate = 250 dm3 h1.
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by a chemical reaction whose rate increases with the amount of
sulphate ions in solution or/and temperature [28–30].Fig. 5. Inﬂuence of Na2SO4 concentration on the evolution of COD and %TCE (inset),
as a function of time, during electrochemical treatment of actual textile efﬂuent on
BDD anode by applying 20 mA cm2 of applied current density. Conditions:
T = 25 C, ﬂow rate = 250 dm3 h1.3.3. COD removal by electrochemical treatment
COD decay was also monitored by applying 20, 40 and
60 mA cm2 of current density when an amount of 5 g of Na2SO4
were dissolved in a 1 dm3 of the efﬂuent. Fig. 4 shows the inﬂuence
of the current density on the COD decay during the electrochemical
oxidation of the real textile wastewater on BDD anode, as a func-
tion of time, at 25 C.
Results clearly indicate that the complete COD removal is
achieved, in all cases; because these conditions favour the electro-
generation of more hydroxyl radicals [31] and peroxodisulphates
[28–30] on BDD surface. It is important to mention that, treatment
time, in the presence of 1 g dm3 Na2SO4 (Fig. 4), was reduced re-
spect to the time employed to eliminate COD completely at real
discharged conditions (Fig. 2). On the other hand, an increase on
current efﬁciency was observed (inset on Fig. 4) because the elec-
trogeneration of peroxodisulphates avoid mass transport limita-
tions and also the secondary reaction of oxygen evolution.3.4. Effect of Na2SO4 dissolved in the efﬂuent
Fig. 5 shows the inﬂuence of Na2SO4 concentration (in g dm3)
as a function of the time and current efﬁciency (inset) values dur-
ing galvanostatic electrolysis of real textile wastewaters by apply-
ing 20 mA cm2 of applied current density.
As can be observed, the COD removal was poor in absence of
Na2SO4 in solution (Fig. 5). However, COD removal rate increases
signiﬁcantly when the amount of Na2SO4 was increased in solu-
tion. But, no relevant efﬁciencies were achieved when the Na2SO4
concentration was increased from 5 to 20 g (inset in Fig. 5). It
can also be seen, that maximum efﬁciencies were obtained for
the initial stages of the process (high COD concentrations), and
after given a decrease in the current efﬁciencies, continuously
down to very low COD values; employing similar electrolysis-
times to achieve complete COD abatement. Then, from industrial
point of view, only an amount of 5 g of Na2SO4 can be added to
the efﬂuent to favour the complete removal of dissolved organic
matter.Fig. 4. Inﬂuence of applied current on the evolution of COD and TCE (inset), as a
function of time, during electrochemical treatment of actual textile using BDD
anode. Experimental conditions: T = 25 C, 5 g dm3 of Na2SO4 and ﬂow
rate = 250 dm3 h1.3.5. Inﬂuence of temperature
The treatment of the actual textile efﬂuent was also carried out
at 60 C by applying current densities of 20, 40 and 60 mA cm2.
The latter temperature was selected, because it mimics the real
temperature of the efﬂuent discharged by the textile industry
(60 C). It was observed (Fig. 6) that changes in temperature have
a strong inﬂuence on oxidation rate at all current densities and
varying the temperature from 25 to 60 C; since the COD removal
after 9 or 10 h of treatment was 100% at 60 C. As reported in liter-
ature [16,27], this behaviour was principally attributed not to an
increase of the activity of the anodes (due to an increase of temper-
ature) but to an increase of the indirect reaction of organics with
electrogenerated oxidising agents from electrolyte oxidation.
In fact, as mentioned above, peroxodisulphates can be formed in
solutions containing sulphates, especially at higher temperatures
(60 C), as already demonstrated by other authors [2,16,28], during
electrolysis with BDD electrodes. These reagents are very powerful
oxidants and can oxidise organic matter leading to an increase in
colour removal rates and COD decay. Complete decolourisation
(data not showed) and COD removal rates (Fig. 6) noticeably in-
creased when the temperature was increased. Under these condi-
tions, a modest increase on TCE was also achieved respect to the
temperature of 25 C.Fig. 6. Comparison of the inﬂuence of temperature on the evolution of COD, as a
function of time and %TCE (inset) during oxidation of actual textile efﬂuent on BDD
anode. Conditions: 40 mA cm2 of current density; 5 g of Na2SO4 and ﬂow
rate = 250 dm3 h1.
Fig. 8. Energy consumption of the electrochemical process, as a function of COD
removal and efﬂuent conditions, during oxidation of actual textile efﬂuent on BDD
anode by applying different current densities.
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In order to verify the important role of mass transfer on the
electrochemical treatment of real textile efﬂuent, the inﬂuence of
ﬂow rate during BDD-anodic oxidation was studied varying the
ﬂow rate. Experiments were performed at four rates, in the range
of 200–400 dm3 h1. Fig. 7 shows the ﬂow rate effect on the COD
removal as a function of the time, during galvanostatic electrolysis
by applying 40 mA cm2 of current density. As can be seen, the to-
tal COD removal was achieved under different ﬂow rates. It ap-
pears that the hydrodynamic conditions affect the rate of COD
removal because this behaviour is due to that sulphates present
in solution produce a chemical oxidant and therefore these avoid
the problems due to mass transport.
3.7. Energy consumption and cost estimation
Comparison between the trend of energy consumption
(kWh dm3) as a function of COD removal, at different applied cur-
rent densities (20, 40 and 60 mA cm2) and experimental condi-
tions (real discharged conditions and Na2SO4 dissolved in the
efﬂuent) is presented in Fig. 8. As can be observed, BDD consumed
less energy when an amount of Na2SO4 was added in the efﬂuent
than that consumed under real discharged efﬂuent conditions. In
fact, in the presence of Na2SO4 less time is necessary for COD re-
moval and also the cell potential is low (4.1 V). These results point
out the high performance BDD-anodic oxidation for treating textile
wastewaters. However, this electrochemical process can be a feasi-
ble pre-treatment method as a previous step to biological depura-
tion or it could be coupled with other wastewater treatments (e.g.:
UV irradiation, Fenton, adsorption) reducing signiﬁcantly the cost
and time treatment.
4. Concluding remarks
On basis of the results obtained for anodic oxidation of a dye-
stuff efﬂuent, the electrochemical technology can be suitable as
an alternative for pre-treatment of textile real efﬂuents under the
real discharge conditions employed by the Brazilian textile indus-
try (COD, pH = 10 and temp = 60 C) for complete COD and colour
removal.
However, if an amount of Na2SO4 is added, the efﬁciency of the
process can be strongly improved. It is important to mention that
in the Brazilian textile industry, complete COD and colour removal
are attained after 5 or 6 days of biological depuration together with
a subsequent physical–chemical treatment (under speciﬁc pH and
temperature conditions). Conversely, COD and colour wereFig. 7. Inﬂuence of ﬂow rate on the evolution of COD, as a function of time and %TCE
(inset) during oxidation of actual textile efﬂuent on BDD anode. Conditions:
40 mA cm2 of current density; 5 g of Na2SO4 and T = 25 C.efﬁciently reduced after 15 h of electrochemical process, attaining
Brazilian legal requirements and maintaining the same discharged
conditions with the addition of a small amount of Na2SO4; in con-
sequence, the time treatment was reduced and costs, conﬁrming
the potential efﬁciency of this dyestuff treatment.
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